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ABSTRACT

A method for controlling voltage of a DC bus in a converter
circuit 1s provided. The method includes monitoring a duty
cycle of a switch that connects a resistive circuit across the
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reaches an upper voltage value and opened when the DC bus
voltage reaches a lower voltage value and altering the lower
voltage value based upon the duty cycle of the switch.
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CONVERTER CIRCUIT WITH ADJUSTABLE
DC BUS VOLTAGE

CROSS REFERENCE TO RELATED
APPLICATIONS

This application 1s a Continuation application of U.S.
Non-Provisional application Ser. No. 12/771,890, entitled
“Converter Circuit with Adjustable DC Bus Voltage”, filed
Apr. 30, 2010, now U.S. Pat. No. 9,030,851, which 1s herein

incorporated by reference

BACKGROUND

The invention relates generally to converter circuits, and
particularly to a converter circuit with adjustable DC bus
voltage.

Wide ranges of equipment utilizing various converter
circuits are known, such as electric motor drive systems used
in factory automation systems, power generation systems
and so forth. Typically an electric motor drive 1s connected
to a power source, most often the power grid, and operates
to provide electrical power to a load 1n a controlled manner.

In alternating current (AC) motor drive systems, electrical
power 1s converted from an AC power source into direct
current (DC) power via a rectifier. The DC power 1s then
converted via a power converter coupled to the converter
through a DC bus into AC power with controlled frequency,
phase and amplitude, which may be applied to drnive the
clectric motor.

Typically, the electric motor drive systems have a fixed
upper DC bus voltage limit. When driving certain types of
loads, such as inertial loads, power may be regenerated by
motion of the load that flows 1nto the DC bus, potentially
raising the DC bus voltage to within a range near or just
below this limit. In systems that cannot channel this regen-
crated power to the power grid, this excess power regener-
ated by the electric motor may be absorbed and subsequently
dissipated through shunt resistors that can be electrically
coupled across the DC bus. Because these resistors simply
convert the power to heat, their use may substantially reduce
the efliciency of such systems. Furthermore, components of
such systems may be subjected to substantially high tem-
peratures and may require additional cabinet cooling.

Accordingly, 1t would be desirable to develop a motor
drive system having some mechanism for reducing the
amount of power dissipated by shunt resistors in this manner
to enhance efliciency and reliability of such systems.

BRIEF DESCRIPTION

Brietly, according to one embodiment of the present
invention, a method 1s provided for controlling voltage of a
DC bus 1n a converter circuit. The method includes moni-
toring a duty cycle of a switch that connects a resistive
circuit across the DC bus, the switch being closed when the
DC bus voltage reaches an upper voltage value and opened
when the DC bus voltage reaches a lower voltage value and
altering the lower voltage value based upon the duty cycle
of the switch.

In accordance with another aspect, a system for control-
ling voltage of a DC bus 1n a converter circuit 1s provided.
The system 1includes a rectifier configured to convert AC
power to DC power applied to the DC bus, a shunt resistor
and a switch coupled to the shunt resistor and to the DC bus,
and configured to place the shunt resistor electrically across
the DC bus. The system further includes a power converter
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coupled to the DC bus and configured to convert DC power
from the bus to AC output power and control circuitry
coupled to the switch and configured to change either an
upper switching limit or a lower switching limit, or both, of
the switch based upon a duty cycle of the switch.

In accordance with another aspect, a method 1s provided
for controlling voltage of a DC bus 1n a converter circuit.
The method includes monitoring a duty cycle of a switch
that connects a shunt resistor across the DC bus, the switch
being closed when the DC bus voltage reaches an upper
voltage value and opened when the DC bus voltage reaches
a lower voltage value and dynamically altering the lower
voltage value based upon the duty cycle of the switch. The
method turther includes operating the converter circuit with
the altered lower voltage value, dissipating a portion of
power generated by the converter circuit through the shunt
resistor and storing the power not dissipated by the resistive
circuit.

DRAWINGS

These and other features, aspects, and advantages of the
present mvention will become better understood when the
following detailed description 1s read with reference to the
accompanying drawings in which like characters represent
like parts throughout the drawings, wherein:

FIG. 1 illustrates a converter circuit with adjustable DC
bus voltage 1n accordance with aspects of the present
invention.

FIG. 2 illustrates an exemplary configuration of the motor
drive system of FIG. 1 in accordance with aspects of the
present 1nvention.

FIG. 3 1llustrates process steps for dynamically adjusting,
the DC bus voltage based upon an mactive time of the shunt
resistor using the control circuitry of FIG. 2.

FIG. 4 1llustrates an exemplary method for controlling
voltage of a DC bus 1n the motor drive system of FIG. 1 1n
accordance with aspects of the present invention.

FIG. 5 illustrates an exemplary method for controlling
voltage of the DC bus and estimating energy and cost
savings for the motor drive system of FIG. 1 1n accordance
with aspects of the present invention.

DETAILED DESCRIPTION

As discussed 1n detail below, embodiments of the present
technique function to provide a system for controlling
voltage of a DC bus 1n a converter circuit. In particular, the
present technique utilizes parameters such as the duty cycle
ol a switch connecting a resistive circuit across the DC bus
to dynamically adjust the voltage of the DC bus, thereby
increasing etliciency of such systems. Advantageously, the
dynamic adjustment of the DC bus voltage allows for the
natural fluctuation of the DC bus voltage to occur, while
dynamically adjusting a lower threshold used to switch 1n
and out the resistive circuit, thereby adapting the operation
to dissipate a lower amount of power, when possible, than
would be dissipated using a conventional fixed lower thresh-
old.

References 1n the specification to “one embodiment™, “an
embodiment”, “an exemplary embodiment”, indicate that
the embodiment described may include a particular feature,
structure, or characteristic, but every embodiment may not
necessarily include the particular feature, structure, or char-
acteristic. Moreover, such phrases are not necessarily refer-
ring to the same embodiment. Further, when a particular

feature, structure, or characteristic 1s described in connection
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with an embodiment, 1t 1s submitted that 1t 1s within the
knowledge of one skilled in the art to affect such feature,
structure, or characteristic in connection with other embodi-
ments whether or not explicitly described.

Turning now to drawings and referring first to FIG. 1, a
converter circuit such as a motor drive system 10 1s 1llus-
trated. The motor drive system 10 includes a rectifier 12
configured to receive mcoming AC power from a power
source 14 and to convert the AC power to DC power applied
to a DC bus 16. The motor drive system 10 also includes a
power converter 18 coupled to the DC bus 16 and configured
to convert DC power from the bus 16 to AC output power.
Further, a motor 20 1s coupled to and driven by the power
converter 18. In the 1llustrated embodiment, the motor drive
system 10 further includes a load 22 coupled to and driven
by the motor 20.

In the 1llustrated embodiment, the motor drive system 10
turther includes inductors such as represented by reference
numerals 24 and 26, coupled to the DC bus 16 and a shunt
resistor 28 coupled across the DC bus 16. Further, a switch
30 1s coupled to the shunt resistor 28 and to the DC bus 16.
The switch 30 1s configured to place the shunt resistor 28
clectrically across the DC bus 16. As will be appreciated by
those skilled i1n the art, suitable power electronic devices
such as msulated gate bipolar transistors may be used as the
switch 30. However, other suitable switching devices such
as power lield-effect transistors (FET), MOS-controlled
transistors MCT, conventional thyristors, or the like may be
used as the switch 30.

The shunt resistor 28 (which 1n practice may include one
or more actual resistors) 1s configured to dissipate excess
power generated during operation of the motor drive system
10, essentially converting the power to heat, thereby main-
taining the DC bus voltage within desired levels. In this
exemplary embodiment, the switch 30 1s closed when the
DC bus voltage reaches an upper voltage value. Alternately,
the switch 30 1s opened when the DC bus voltage value
reaches a lower voltage value. In certain embodiments, the
motor drive system 10 may include additional shunt resistors
such as represented by reference numeral 32 coupled across
the DC bus 16 to dissipate the heat, also controlled by the
switch 30.

The motor drive system 10 further includes control cir-
cuitry 34 coupled to the switch 30. The control circuitry 34
1s configured to change either an upper switching limit or
threshold, or a lower switching limit or threshold, or both,
used to trigger opening and closing of the switch 30 based
upon a duty cycle of the switch 30. In one exemplary
embodiment, the control circuitry 34 1s configured to change
the lower switching limit based upon an inactive time of the
switch 30.

In particular, the control circuitry 34 1s configured to
increase a lower voltage value of the DC bus 16 upon
detection that an open time of the switch has increased.
Moreover, the control circuitry 34 1s configured to decrease
a lower voltage value of the DC bus 16 upon detection that
an open time of the switch has decreased. As described
below, this has the result of utilizing the shunt resistor less
in applications 1n which the load does not tend to require
much (or any) dissipation of regenerated power, while
allowing for adaptive use of the resistor should conditions
demand.

In the 1llustrated embodiment, the motor drive system 10
turther 1includes a driver circuit 36 for controlling operation
of the power converter 18. In one exemplary embodiment,
the control circuitry 34 1s configured to compute a value of
power not dissipated by the shunt resistor 28 1n comparison
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to a base condition. In this exemplary embodiment, the base
condition 1s indicative of a duty cycle that the switch 30
would have had 1f a substantially constant switching thresh-
old had been implemented.

In this embodiment, the control circuitry 34 1s configured
to communicate the value of power not dissipated to a
remote control and/or monitoring station 38 via a network
40. As will be appreciated by those skilled in the art, the
network 40 may include components such as network
cables, network interface cards, routers and bridges to
communicate with the control circuitry 34.

The remote control and/or monitoring station 38 may be
turther configured to receive data 42 such as utility costs for
shunting the power not dissipated by the system 10. Fur-
thermore, the motor drive system 10 includes a plurality of
capacitors such as represented by reference numeral 44
clectrically coupled across the DC bus 16. In normal opera-
tion these devices 44 aid in reducing ripple or fluctuation in
the bus voltage, and may also store some amount of power
not dissipated by the shunt resistor 28, such as to allow for
dynamic adaptation of the switch threshold(s).

FIG. 2 1illustrates an exemplary configuration 50 of the
motor drive system 10 of FIG. 1. In the 1llustrated embodi-
ment, the power source 14 includes a three phase power
supply that outputs three phase voltages and current wave-
forms out of phase with one another by 2m/3 radians (e.g.,
from the power grid). However, other configurations of the
input power source 14 with different numbers of phases
(e.g., 1 or 2) and wavelorms may be envisaged.

The motor drnive system 50 further includes the AC-DC
rectifier 12 that converts incoming AC voltage from the
power source 14 to DC voltage on the DC bus 16. In this
exemplary embodiment, the rectifier 12 1ncludes a passive
rectifier. In this exemplary embodiment, the motor drive
system 10 further includes filtration circuitry 32 for filtering
higher order harmonics from AC voltage recerved from the
power source 14. For example, the filtration circuitry 32 may
include an electromagnetic interference and harmonic filter.

Moreover, the motor drive system 50 includes the DC-AC
converter 18 (e.g., an inverter) that may be formed by an
array of solid-state switches and associated diodes to convert
DC voltage from the DC bus 16 to three-phase output AC
voltage that 1s applied to an electrical device such as the
motor 20. As will be appreciated by those skilled in the art,
the switches may include any suitable power electronic
devices such as insulated gate bipolar transistors.

The motor 20 may be of any desired physical and elec-
trical configuration, such as a permanent magnet motor, an
induction motor, a synchronous motor, and so forth, con-
figured to receive power from the power bus 16 and to drive
the load 22 such as an electrical machine or a process. It
should be noted that a range of other components may be
included 1n the motor drive system 50 illustrated 1n FIG. 2.

Moreover, the motor drive system 50 includes voltage and
current sensors such as represented by reference numerals
54 and 56 configured to monitor the voltage and current of
the DC bus 16. In this particular embodiment, the control
circuitry 34 1s configured to alter a lower voltage value of the
DC bus 16 based upon the duty cycle of the switch 30.

In the illustrated embodiment, the control circuitry 34
includes a memory 58 configured to store the inactive time
data of the switch 30. Further, the control circuitry 34 also
includes a processor 60 configured to generate control
signals to alter the lower switching limit of the switch 30
based upon the time that 1t 1s not 1n a conducting state (1.¢.,
during which 1t places the shunt resistor across the DC bus),
referred to herein as the mactive time. The memory 38 may
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include hard disk drives, optical drives, tape drives, random
access memory (RAM), read-only memory (ROM), pro-
grammable read-only memory (PROM), redundant arrays of
independent disks (RAID), flash memory, magneto-optical
memory, holographic memory, bubble memory, magnetic
drum, memory stick, Mylar® tape, smartdisk, thin film
memory, zip drive, and so forth.

It should be noted that the present invention 1s not limited
to any particular processor for performing the processing
tasks of the invention. The term “processor,” as that term 1s
used herein, 1s intended to denote any machine capable of
performing the calculations, or computations, necessary to
perform the tasks of the mvention. The term “processor’” 1s
intended to denote any machine that 1s capable of accepting
a structured 1nput and of processing the input in accordance
with prescribed rules to produce an output. It should also be
noted that the phrase “configured to” as used herein means
that the processor 1s equipped with a combination of hard-
ware and software for performing the tasks of the invention,
as will be understood by those skilled in the art.

In operation, the control circuitry 34 monitors the duty
cycle of the switch 30 and alters the lower voltage value of
the DC bus voltage. In the illustrated embodiment, the
operation of the shunt resistor 28 1s controlled via a shunt
driver circuit 62 based upon the sensed DC bus voltage.
Further, the power not dissipated by the shunt resistor 28
may cause natural variations in the DC bus voltage within
desired limits, and when not dissipated, may be stored 1n the
capacitor 44. In certain embodiments, a value representative
of the power stored through the capacitor 44 may be
displayed to a user through a display 64. In certain embodi-
ments, the control circuitry 34 1s configured to limit lower-
ing of the lower voltage value of the DC bus voltage as will
be described 1n detail below with reference to FIG. 3.

FI1G. 3 1llustrates exemplary process steps 70 for dynami-
cally adjusting the DC bus voltage based upon an inactive
time of the shunt resistor 28 using the control circuitry 34 of
FIG. 2. At block 72, an 1nactive time or open time 74 of the
switch 30 1s divided by the difference of an upper voltage
value 76 of the DC bus 16 (practically, an upper limit or
threshold typically set based on voltage limits of system
components) and the adaptive shunt oil voltage threshold. In
certain embodiments, the upper voltage value 76 of the DC
bus 16 may be a user-defined value. Further, at block 78, the
resulting quotient value 1s filtered to obtain a change value
80 for a lower voltage value of the DC bus 16.

The change value 80 i1s then added to a lower voltage
value 82 to obtain the new lower voltage value 84, which 1s
the adaptive shunt ofl voltage threshold for the shunt resistor
28. Again, the lower voltage value 82 for the DC bus may
be a user-defined value. In this exemplary embodiment, the
switch 30 1s opened when the DC bus voltage value reaches
the adaptive shunt off voltage threshold. It should be noted
that such process may be repeated and carried out cyclically
or periodically to dynamically adjust the lower voltage value
of the DC bus 16 1n response to the shunt inactive time 74.

In the 1llustrated embodiment, the quotient value obtained
at block 72 1s filtered to limit lowering of the lower voltage
value when the switch 30 1s open for extended periods of
time. As 1illustrated, an inverse of the slope of DC bus
charging voltage 1s computed to limit the lower voltage
value 1n such condition (block 86). Moreover, a linear low
pass lilter 1s applied to limit a step change and a time rate
change of the lower voltage value (block 88).

After filtering the quotient value to limit an absolute value
of the change and the change over a period of time, the
quotient value 1s converted from time to voltage to compute
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the absolute change value 80 of the voltage (block 90). This
change value 80 1s subsequently added to the lower voltage
value 82.

FIG. 4 1llustrates an exemplary method 100 for control-
ling voltage of a DC bus in the motor drive system 10 of
FIG. 1. At block 102, a duty cycle of the switch that connects
a shunt resistor across the DC bus 1s monitored. In this
exemplary embodiment, the switch 1s closed when the DC
bus voltage reaches an upper voltage value and 1s opened
when the DC bus voltage reaches a lower voltage value.
Further, an open time of the switch 1s divided by the
difference of the upper voltage value and the adaptive shunt
ofl voltage threshold to estimate a quotient value (block

04).

At block 106, the estimated quotient value 1s filtered to
obtain a change value for the lower voltage value. In one
exemplary embodiment, the quotient value 1s filtered to limat
lowering of the lower voltage value when the switch 1s open
for extended periods of time. In another exemplary embodi-
ment, a step change or a time rate change of the lower
voltage value 1s limited by the filtering of the quotient.
Moreover, the change value 1s added to the lower voltage
value to estimate altered lower voltage value (block 108). At
block 110, the motor drive system 1s operated with the
altered lower voltage value of the DC bus.

Furthermore, a portion of power generated 1s dissipated
using the shunt resistor (block 112). In addition, the power
not dissipated by the shunt resistor 1s stored using capacitors
coupled across the DC bus. Advantageously, the dynamic
adjustment of the lower voltage value facilitates storing of
additional energy that would otherwise be dissipated as heat.
As a result, the components of the motor drive system are
subjected to lower temperatures and less power 1s actually
wasted, thereby enhancing ethiciency and reliability of such
systems.

FIG. 5 illustrates an exemplary method 120 for control-
ling voltage of the DC bus and estimating energy and cost
savings for the motor drive system 10 of FIG. 1. At block
122, a duty cycle of the switch connecting a resistive circuit
across the DC bus 1s monitored. Further, a lower voltage
value of the DC bus 1s altered based upon the duty cycle
(block 124). In one embodiment, the lower voltage value 1s
decreased upon detection that an open time of the switch has
decreased. In an alternate embodiment, the lower voltage
value 1s 1ncreased upon detection that an open time of the
switch has increased. The motor drive system 1s operated
using the altered lower voltage value.

Furthermore, a value of power not dissipated by the
resistive circuit 1s computed (block 126). At block 128, the
computed power or a value representative of or related to the
power 1s compared to a base condition. In this exemplary
embodiment, the base condition includes a duty cycle that
the switch would have had 11 the lower voltage value had not
been changed. Further, energy and costs savings are esti-
mated using the altered lower voltage value with respect to
the base condition (block 130). At block 132, the energy and
costs savings are reported to a user via a display or through
a communication network.

For example, a base condition corresponds to a DC bus
lower voltage value of about 765 V. In this example embodi-

ment, the DC bus lower voltage value 1s increased to about
785 V 1n response to change in the duty cycle of the switch.
Thus the additional amount of energy stored 1n the DC bus
capacitors may be estimated as follows:
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(1)

Joules

Farad

new

1 1
Energy = 5c:*(v2 —V3) = 56(7852 — 765%) = 15500

As can be seen, increasing the lower voltage value by
about 20 Volts enables the motor drive system to store an
additional energy of about 153500 Joules per Farad in the DC
bus capacitors that would otherwise be dissipated as heat.

As will be appreciated by those of ordinary skill 1n the art,
the foregoing example, demonstrations, and process steps
may be implemented by suitable code on a processor-based
system, such as a general-purpose or special-purpose com-
puter. It should also be noted that different implementations
of the present technique may perform some or all of the steps
described herein 1n different orders or substantially concur-
rently, that 1s, in parallel. Furthermore, the functions may be
implemented 1n a variety of programming languages, such
as C++ or JAVA.

Such code, as will be appreciated by those of ordinary
skill 1n the art, may be stored or adapted for storage on one
or more tangible, machine readable media, such as on
memory chips, local or remote hard disks, optical disks (e.g.,
CD’s or DVD’s), or other media, which may be accessed by
a processor-based system to execute the stored code. Note
that the tangible media may comprise paper or another
suitable medium upon which the instructions are printed.
For instance, the mstructions can be electronically captured
via optical scanning of the paper or other medium, then
compiled, interpreted or otherwise processed 1n a suitable
manner 1f necessary, and then stored 1n a computer memory.

The various aspects of the structures described herein-
above may be used for adjusting upper and/or lower limits
tor DC bus voltage 1n motor drive systems. In particular, the
technique described above provides dynamic adjustment of
the DC bus voltage based upon a duty cycle of a switch
connecting the resistive circuits for dissipating the energy
generated by such system. Advantageously, this allows
storing of additional energy using DC bus capacitors thereby
enhancing the drive system efliciency, and substantially
reducing operating costs for such systems. The technique
also reduces complexity of such systems by eliminating the
need for a regenerative front end.

While only certain features of the imvention have been
illustrated and described herein, many modifications and
changes will occur to those skilled 1n the art. It 1s, therefore,
to be understood that the appended claims are intended to
cover all such modifications and changes as fall within the
true spirit of the invention.

The 1nvention claimed 1s:
1. A method for controlling voltage of a DC bus 1n a
converter circuit, comprising:

monitoring a duty cycle of a switch that connects a
resistive circuit across the DC bus, the switch being
closed when the DC bus voltage reaches an upper
voltage value and opened when the DC bus voltage
reaches a lower voltage value, the DC bus comprising
two DC lines extending between a rectifier and a power
converter, and the switch and resistive circuit being
clectrically connected 1n series to a first of the DC lines
and to a second of the DC lines so that closing of the
switch places the resistive circuit in series between the
first and second DC lines; and

altering the upper voltage value based upon the duty cycle
of the switch to adjust the DC bus voltage based upon
the duty cycle.
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2. The method of claim 1, comprising altering the lower
voltage value based upon the duty cycle of the switch by
decreasing the lower voltage value upon detection that an
open time of the switch has decreased.

3. The method of claim 1, comprising altering both the
upper voltage value and the lower voltage value to adjust the
DC bus voltage based upon the duty cycle.

4. The method of claim 1, comprising dividing an open
time of the switch by the difference of the upper voltage
value and the adaptive shunt ofl threshold, filtering the
resulting quotient value to obtain a change value for the
upper voltage value.

5. The method of claim 4, wherein the filtering comprises
limiting raising of the upper voltage value.

6. The method of claim 4, wherein the filtering comprises
limiting a step change of the upper voltage value.

7. The method of claim 4, wherein the filtering comprises
limiting a time rate of change of the upper voltage value.

8. The method of claim 1, comprising computing a value
of power not dissipated by the resistive circuit in comparison
to a base condition.

9. The method of claim 8, wherein the base condition
comprises a duty cycle that the switch would have had 1t the
upper switching limit had not been changed.

10. The method of claim 8, comprising determining an
economic value of the power not dissipated by the resistive
circuit.

11. A system for controlling voltage of a DC bus 1n a
converter circuit, comprising:

a rectifier configured to convert AC power to DC power

applied to the DC bus;

a shunt resistor:

a switch coupled to the shunt resistor and to the DC bus,
and configured to place the shunt resistor electrically
across the DC bus;

a power converter coupled to the DC bus and configured
to convert DC power from the bus to AC output power;
and

control circuitry coupled to the switch and configured to
change an upper switching limit based upon duty cycle
of the switch;

the DC bus comprising two DC lines extending between

the rectifier and a power converter, and the switch and
shunt resistor being electrically connected in series to a
first of the DC lines and to a second of the DC lines so
that closing of the switch places the shunt resistor in
series between the first and second DC lines.

12. The system of claim 11, wherein the control circuitry
1s configured to raise the upper switching limit based on the
duty cycle of the switch.

13. The system of claim 11, wherein the control circuitry
decreases the upper switching limit when an 1nactive time of
the switch decreases.

14. The system of claim 13, wherein the control circuitry
increases the upper switching limit when the 1inactive time of
the switch increases.

15. The system of claim 11, wherein the control circuitry
1s configured to compute a value of power not dissipated by
the shunt resistor 1n comparison to a base condition.

16. The system of claim 15, wherein the base condition
comprises a duty cycle that the switch would have had 11 the
upper switching limit had been changed.

17. The system of claim 15, wherein the control circuitry
1s configured to communicate the value of power not dissi-
pated to a remote control and/or monitoring station.
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18. The system of claam 11, comprising a plurality of
capacitors electrically coupled across the DC bus and con-
figured to store power not dissipated by the shunt resistor.

19. A method for controlling voltage of a DC bus 1n a
converter circuit, comprising: 5
monitoring a duty cycle of a switch that connects a shunt

resistor across the DC bus, the switch being closed
when the DC bus voltage reaches an upper voltage
value and opened when the DC bus voltage reaches a
lower voltage value, the DC bus comprising two DC 10
lines extending between a rectifier and the power
converter circuit, and the switch and shunt resistor
being electrically connected 1n series to a first of the DC
lines and to a second of the DC lines so that closing of
the switch places the shunt resistor in series between 15
the first and second DC lines:

altering the upper voltage value based upon the duty cycle

of the switch;
operating the converter circuit with the altered upper
voltage value; 20
dissipating a portion of power generated by the converter
circuit through the shunt resistor;
storing the power not dissipated by the shunt resistor; and
wherein the upper voltage value 1s dynamically altered to
adjust the DC bus voltage based upon the duty cycle. 25

20. The method of claim 19, wherein the filtering com-

prises limiting a rate of change of the upper voltage value.
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